A novel imaging spectrometer can individually control spatial and spectral resolution by using zoom lenses as the foreoptics of the system and a focusing lens. By varying the focal length we can use the focusing lens to change the spatial and spectral dimensions; with the foreoptics, however, we can change only the spatial dimension. Therefore the spectral resolution and the spectral range are affected by the zoom ratio of the focusing lens, whereas the spatial resolution and the field of view are affected by the multiplication of the zoom ratios of the foreoptics and the focusing lens. By properly combining two zoom ratios, we can control the spectral resolution with a fixed spatial resolution or the spatial resolution with a fixed spectral resolution. For an imaging spectrometer with this novel zooming function, we used the lens module method and third-order aberration theory to design an initial four-group zoom system with an external entrance pupil for the focusing lens. Furthermore, using the optical design software CODE V, we obtained an optimized zoom lens with a focal-length range of 50 to 150 mm. Finally, the zoom system with its transmission grating in the Littrow configuration performs satisfactorily as the focusing lens of an imaging spectrometer in the wavelength range 450 -900 nm.
Introduction
Since the mid-1980s, considerable attention has been focused on the use of imaging spectrometers for remote sensing. [1] [2] [3] The imaging spectrometer is an optical system that can be used to observe twodimensional spatial images and simultaneously measure spectra of light from various positions of the image. A three-dimensional data set obtained from an imaging spectrometer is called a data cube, which is defined by x and y as spatial coordinates and by wavelengths as a spectral coordinate. 4 Through spectroscopy, one uses information from a data cube to determine the constituent composition of spectrometers for use in various fields such as scientific research, military purposes, and other applications over the regional scale of the image. 2, 5 To support the development of these fields, researchers have developed various kinds of imaging spectrometer for airborne, satellite, and portable platforms. 3,6 -16 Imaging spectrometers are classified in terms of the method that they use to acquire the data cube. Further classification is based on the method of achieving spatial discrimination, namely, pushbroom scanning, whiskbroom scanning, framing, and windowing. 17, 18 The acquisition of spectral information also groups the spectrometers by their data-acquisition by techniques: filtering, dispersion, and interferometric. 17, 18 We concentrated on the imaging spectrometer that uses the pushbroom scanning technique and a dispersion element. The good signal-to-noise ratio that this approach provides has made it popular for imaging spectrometers. [7] [8] [9] [10] [11] [12] [13] 15, 16 Since 2004 the Image Information Research Center of the Korea Advanced Institute of Science and Technology in South Korea has been developing dispersive-pushbroom imaging spectrometers that can operate in the visible range. This imaging spectrometer is designed for military purposes and other applications. We describe here a dispersivepushbroom imaging spectrometer that can simultaneously control spatial and spectral resolution individually. To increase the power of discrimination of the imaging spectrometer, we need to en-hance its capabilities for high spatial resolution and high spectral resolution. In conventional imaging spectrometers, however, high resolution means a decrease in the field of view (FOV) or in the addressable spectral range. We can overcome this problem by adding a novel zooming function to the imaging spectrometer. With this optical system we can control the spatial resolution by fixing the spectral resolution and control the spectral resolution by fixing the spatial resolution. These functions are useful when imaging spectrometry is used for special purposes, such as detection and searching.
Elliot reported that a spectrometer can use a zoom lens as the focusing lens. 19 The use of the zoom lens in this way shows that the resolution varies continually because, in addition to having a grating turret with three gratings, the zoom lens has a focal range of 50-250 mm. However, the optical system reported by Elliot used a commercial zoom lens (Tokina, 50-250 mm; f͞4. 5-5.6 ) rather than a custom-made lens. Moreover, noone has yet presented the concept of using a zooming function to simultaneously control spatial and spectral resolution separately. Here we describe an imaging spectrometer with a novel zooming function and report the design of a four-group zoom system for the focusing lens of an imaging spectrometer that uses a lens module-optimization method.
Dispersive-Pushbroom Imaging Spectrometer That Simultaneously Controls Spatial and Spectral Resolution Separately
As shown in Fig. 1 , a typical dispersive-pushbroom imaging spectrometer has a scanner, a foreoptics, a slit, a collimator, a dispersion element, and a focusing lens. 1, 17 The foreoptics is used to image an observed scene onto the slit, which is the entrance to the spectrometer. The light that passes through the slit is collimated, dispersed by the dispersion element, and imaged along one dimension of the detector array (that is, the spatial axis in Fig. 1 ). In addition, the spectrum of each spatial pixel is dispersed along the other dimension of the detector array (that is, the spectral axis in Fig. 1 ). The second spatial dimension of the scene is then constructed by scanning, and the scanning causes the image projected through the slit to change continuously. If the imaging spectrometer has an airborne or satellite platform, the scanner is not used; rather, the second spatial dimension is formed by tracking of the direction of scanning.
The dispersive-pushbroom imaging spectrometer that individually controls spatial and spectral resolution uses zoom lenses for the foreoptics as well as a focusing lens. By varying the focal length, we can use the focusing lens to control both the spatial and the spectral dimensions; however, we can use the front optics to control only the spatial dimension. Hence the spectral resolution and the spectral range are affected by the zoom ratio of the focusing lens, whereas the spatial resolution and the FOV are affected by multiplication of the zoom ratios of the foreoptics and the focusing lens. Table 1 summarizes the properties of two kinds of zoom lens, which are arranged in various configurations. The table shows that the type 1 (reference) configuration has a 450 nm wavelength range and a 12°FOV. When the focusing lens is zoomed at a rate of 3ϫ, the spectral range changes to 150 nm and the FOV changes to 4°. In the type 2 configuration the spectral and spatial resolution is three times greater than for type 1. The type 3 configuration has a 1͞3ϫ zoom ratio for the foreoptics and a 3ϫ zoom ratio for the focusing lens; accordingly, it has a wavelength range of 150 nm and a FOV of 12°. In the type 4 configuration the 3ϫ zoom ratio of the foreoptics produces a wavelength range of 450 nm and a FOV of 4°. In contrast to type 1, type 3 zooms in the spectral dimension with a fixed spatial dimension and type 4 zooms in the spatial dimension with a fixed spectral dimension. Hence, with zoom lenses for the foreoptics and with a focusing lens, the imaging spectrometer can simultaneously control spatial and spectral resolution.
In this paper we concentrate on the design of the zoom lens to be used as the focusing lens in the dispersive-pushbroom imaging spectrometer with the novel zooming function. We designed the zoom lens with a fixed entrance pupil diameter of 20 mm, a focal length that varied from 50 to 150 mm, and a wavelength that ranged from 450 to 900 nm. In the imaging spectrometer, the stop is located at a dispersion element; hence, for the mounting configuration, we set the stop of the zoom lens at a distance of 10 mm from the first lens element. The image on the detector had a spatial dimension of ϳ10 mm and a spectral dimension of ϳ7 mm; these dimensions ensure that the total FOV is 12°when the focal length is 50 mm. The primary criteria for selecting the detector are high quantum efficiency, a large dynamic range, and a low level of noise, because the line image that passes through the slit is dispersed over the detector. Accordingly, we selected the SITe S100AB backilluminated full-frame charge-coupled device (CCD). 20 This CCD has a pixel size of 12 m by 12 m and a high quantum efficiency of more than 50% in the visible wavelength range. Table 2 summarizes the expected specifications of the optical system when we used the S100AB CCD as the detector. The imaging spectrometer with the novel zooming function has 150 spectral channels and a spectral resolution of 3 nm (or 1 nm resolution in the case of the spectral zoom).
Zoom-Lens Design
To design a mechanically compensated zoom lens with an external entrance pupil for the imaging spectrometer we used a design that included a lens module described by Park and Shannon. 21 The lens module is a mathematical construct that has the same first-order properties and third-order aberration characteristics as a group of thick lenses. In contrast to paraxial studies based on thin lenses or third-order aberration calculations, the lens module method simplifies the procedure for designing a zoom lens. 21 We used the lens modules to find the optimal initial design for a four-group front-focus zoom system that satisfied specific requirements. According to the third-order aberration theory, then, real lenses are numerically transformed from the lens module to match the first-order quantities and the third-order aberrations. Moreover, an optimized zoom lens with a focal length range of 50 -150 mm was attained with the aid of the optical design software CODE V. 22 The four-group front-focus zoom system has a fixed front lens group, a second lens group for zooming, a third lens group for focusing, and a fixed fourth lens group. The groups generally have several thick lens elements. The lens module is equivalent to one group when the higher-order aberrations are neglected, provided that we assign the first-order properties and the third-order aberrations of one group to the lens module. 21 We have defined the lens module in terms of the following parameters: an effective focal length (EFL), a front focal length (FFL), a back focal length (BFL), the incident ͑MU I ͒ and the transmitted ͑MU T ͒ angles of the marginal rays, the incident ͑MH I ͒ and the transmitted ͑MH T ͒ heights of the marginal rays, the incident ͑PU I ͒ and the transmitted ͑PU T ͒ angles of the principal rays, the incident ͑PH I ͒ and the transmitted ͑PH T ͒ heights of the principal rays, spherical aberration ͑S I ͒, coma ͑S II ͒, and astigmatism ͑S III ͒. It is difficult to handle all the third-order aberrations at the same time. Hence, in line with reports in a previous paper, 21 we have limited ourselves to the spherical aberration, the coma, and the astigmatism that match the lens modules.
To optimally configure the four-group zoom system we optimized the prescriptions of the lens modules under the constraints of the optical design software CODE V. 22 We designed the distances between lens modules to be longer than 10 mm and set the stop of the zoom lens at a distance of 10 mm from the first lens element because the zoom lens is used in the imaging spectrometer. Because the lens modules do not reflect the higher-order aberrations, it is desirable to reduce the aperture diameter and the field size of the system to ensure that third-order aberrations are dominant. 22 Hence we set a half-image size of 2 mm and an entrance pupil diameter of 10 mm. We also assumed that each group was separately achromatized. As shown in Figs. 2 and 3, by optimization we obtained two solutions, namely, a positive powernegative power-positive power-negative power arrangement (P-N-P-N type) and a negative powerpositive power positive-power-positive power arrangement (N-P-P-P type). In these figures the effective focal length (efl) of the zoom system is 50 mm at position 1, 100 mm at position 2, and 150 mm at position 3. The P-N-P-N and the N-P-P-P types of power arrangement have different zoom loci because of the different arrangements of power. Tables 3 and  4 list the parameters of the lens module and the third-order aberrations for position 1; the third-order aberration coefficients are defined by the same formulas given by Hopkins 23 and by Hopkins and Rao. 24 For both the P-N-P-N and the N-P-P-P types, as given in Tables 3 and 4 , the aberrations of the zoom systems at position 1 are corrected at Ϯ1.5 ϫ 10
Ϫ4 mm. Moreover, we have confirmed that the aberrations of positions 2 and 3 are smaller than those of position 1.
To transform the P-N-P-N type from a lens module to real lens elements, we used a cemented doublet as the front lens group, a singlet plus a cemented doublet as the second lens group, a singlet plus a cemented doublet as the third lens group, and a cemented doublet as the fourth lens group with all spherical surfaces. The second and the third lens groups have more lens elements than the first and the fourth groups because of the powers that bend the axial ray. Furthermore, the second and the third groups work at a range of numerical apertures and at a variety of conjugates. Fig. 3 . Optimized zoom system consisting of four lens modules with N-P-P-P arrangement.
Table 3. Descriptions of the Lens Modules with a P-N-P-N Arrangement (millimeters)

Measurand
Module 1 To transform the N-P-P-P type we used the same arrangement of lens elements as in the P-N-P-N type, except for the cemented doublet plus a singlet that we used for the third lens group of the N-P-P-P type. From Tesar's catalog, 25 we selected Schott N-LaF2, N-FK5, and SF4 glass for the second and the third groups. By plotting the three types of glass on a P-V graph, where P is the relative partial dispersion and V is the Abbe number, and by joining the three points to form a triangle, we can calculate E, which is the vertical distance of the middle glass from the line that joins the two outer glasses. The types of glass that we selected from Tesar's catalog have large E values because, as Kingslake commented, if the glass has a large E value, all powers of the lens elements become as weak as possible. 26 The first and the fourth groups are composed of N-BK7 and SF4 glass. For the P-N-P-N type we arranged the glass in the order SF4 and N-BK7 for the first group; SF4, N-FK5, and N-LaF2 for the second group; N-LaF2, N-FK5, and SF4 for the third group; and N-BK7 and SF4 for the fourth group. For the N-P-P-P type, we arranged the glass in the order N-BK7 and SF4 for the first group; N-LaF2, N-FK5, and SF4 for the second group; SF4, N-FK5, and N-LaF2 for the third group; and SF4 and N-BK7 for the fourth group. The refractive index of each type of glass was that listed in the Schott catalog. 27 According to the third-order aberration theory, the curvature and thickness of the thick lenses in each group are calculated to match the same EFL, BFL, FFL, and third-order aberrations as the lens modules. The conventional method defines the EFL, the BFL, the FFL, the marginal ray, and the principal ray. 28 Hopkins expresses the third-order coefficients for spherical aberration ͑S I ͒, coma ͑S II ͒, and the astigmatism ͑S III ͒ and longitudinal chromatic aberration ͑C L ͒ as follows 23, 24 :
where H is the Lagrange invariant, the subscript i is the ith surface, u i ͑u i ͒ is the slope angle of the marginal ray (principal ray) with respect to the optical axis, h i ͑h i ͒ is the intersection height of the marginal ray (principal ray) on the surface, c i is the curvature of the lens, d i is the thickness of the lens, n i is the refractive index of the center wavelength, n sh,i is the refractive index of the short wavelength, and n l,i is the refractive index of the long wavelength. The Fraunhofer C, d, and F lines are the long, center, and short wavelengths, respectively, and I i ͑I i ͒ is the angle of incidence of the marginal ray (principal ray) on the surface. We traced the marginal ray and the principal ray by using the following relations:
Marginal ray
The sign convention is as follows: The height of a ray above the optical axis is positive and the angle is positive whenever the optical axis is rotated counterclockwise to coincide with the ray. In zoom lenses of the P-N-P-N and the N-P-P-P types, the first and fourth groups have variables of three curvatures and two thicknesses because they are a cemented doublet. It is difficult to handle all the variables at the same time. Hence, for convenience, we set the thickness of each lens in the doublet to be the same because the first-order properties and the aberrations are less sensitive to the thickness of the lens than to the radius. We numerically calculated four variables of a cemented doublet for conditions under which the thick lenses have the same EFL, BFL, FFL, and spherical aberration as the lens modules. To select a solution that satisfied these conditions, we considered the curvature of the surface, the coma, the astigmatism, and the longitudinal chromatic aberration.
The variables of the second and third groups include five curvatures, three thicknesses, and the distance between a singlet and a doublet. To reduce the number of variables in these cases, we set the thickness of the lens elements in the singlet and the doublet as 6 mm. We numerically calculated six variables of the second and third groups for conditions under which the thick lenses have zero longitudinal chromatic aberration and the same EFL, BFL, FFL, spherical aberration, and coma as those of the lens modules. To select a solution that satisfied these conditions, we considered the curvature of the surfaces and the astigmatism. Tables 5 and 6 list the radii and thicknesses of the thick lenses. We calculated these parameters separately to establish a complete lens for the P-N-P-N and the N-P-P-P types at position 1. The distance between groups was obtained from the height and the angle of the marginal ray. The groups in Tables 5 and  6 have the same EFL, BFL, FFL, and spherical aberration as the lens modules. The second and the third groups also have zero longitudinal chromatic aberration and the same coma as the lens modules.
With the results of the initial design, we used the optical design software CODE V to obtain the optimum zoom lenses with a half-image size of 2 mm and an entrance pupil diameter of 10 mm at positions 1, 2, and 3. 22 We optimized the optical system in terms of the following constraints: We set the distance between the last surface of the previous group and the front surface of the next group to be larger than 1 mm. The distance from the last surface of the fourth group to the image plane was set longer than 5 mm. For the wavelengths we used Fraunhofer C, d, and F lines. Figures 4 and 5 show the ray-tracing results of the optimum zoom lenses for the P-N-P-N and the N-P-P-P types, respectively, at positions 1, 2, and 3.
Because the design results of Figs. 4 and 5 were attained from the lowered specifications, namely, a half-image size of 2 mm and an entrance pupil diameter of 10 mm, we optimized the zoom lenses again under the constraints of an entrance pupil diameter of 20 mm, an image size of 10 mm, and a wavelength range of 450-900 nm. We used three fields, which corresponded to half-image sizes of 0, 3.5, and 5 mm, and ten wavelengths with intervals of 50 nm for the wavelength range 450-900 nm. Tables 7 and 8 give descriptions of the optimized zoom systems of the P-N-P-N and the N-P-P-P types, respectively. Figures 6 and 7 show the results of the ray tracings on the zoom systems at positions 1, 2, and 3. The two zoom systems correspond to the local minima derived from the starting points of the P-N-P-N and the N-P-P-P types with specific requirements.
To evaluate the performance of the zoom lenses we checked the aberrations and spot diagrams. For the P-N-P-N type of position 1, the spherical aberration was Ϫ9.1 ϫ 10 Ϫ3 mm, the coma was Ϫ1.1 ϫ 10 Ϫ2 mm, the astigmatism was Ϫ9.6 ϫ 10 Ϫ3 mm, and the longitudinal chromatic aberration was Ϫ1.2 ϫ 10 Ϫ2 mm. For the N-P-P-P type of position 1, the spherical aberration was Ϫ1.0 ϫ 10 Ϫ2 mm, the Fig. 4 . Layout of the P-N-P-N zoom system obtained by the transformation from the lens module to the thick lens. Fig. 5 . Layout of the N-P-P-P zoom system obtained by the transformation from the lens module to the thick lens. All surfaces are spherical. The thickness refers to the thickness after the surface of the same number. All surfaces are spherical. The thickness refers to the thickness after the surface of the same number. coma was Ϫ5.9 ϫ 10 Ϫ3 mm, the astigmatism was Ϫ3.8 ϫ 10
Ϫ3 mm, and the longitudinal chromatic aberration was Ϫ1.6 ϫ 10 Ϫ3 mm. The third-order aberrations were calculated with respect to 450 nm as the short wavelength, 675 nm as the center wavelength, and 900 nm as the long wavelength. Figures 8(a) and 8(b) show spot diagrams of the P-N-P-N and the N-P-P-P types, respectively, at position 1. The spot sizes of the P-N-P-N type are much larger than those of the N-P-P-P type for all fields. The values of the root mean square (RMS) for the spot sizes of the P-N-P-N type are 56, 61, and 66 m for the fields at position 1. In contrast, the RMS spot sizes of the N-P-P-P type are 13, 21, and 26 m for the fields at position 1. The difference in performance between the Fig. 6 . Layout of the optimized P-N-P-N zoom system with specific requirements (entrance pupil diameter, 20 mm; image size, 10 mm; wavelength range, 450 -900 nm). Fig. 7 . Layout of the optimized N-P-P-P zoom system with specific requirements (entrance pupil diameter, 20 mm; image size, 10 mm; wavelength range, 450 -900 nm). Fig. 8 . Spot diagrams of optimized (a) P-N-P-N and (b) N-P-P-P zoom systems. Table 7 . Design Data Optimized from the P-N-P-N Zoom System of Entrance pupil diameter, 20 mm; image size, 10 mm; wavelength range 450 -900 nm. All surfaces are spherical. The thickness refers to the thickness after the surface of the same number. Entrance pupil diameter, 20 mm; image size, 10 mm; wavelength range, 450 -900 nm. All surfaces are spherical. The thickness refers to the thickness after the surface of the same number. P-N-P-N and the N-P-P-P types at positions 2 and 3 is also evident.
We adopted the N-P-P-P type as the zoom system for the imaging spectrometer. The P-N-P-N type performed poorly because of uncorrected chromatic aberration and coma in the second group. By increasing the number of lens elements in the transformation from the lens module we can possibly improve the performance of the P-N-P-N type zoom system. However, we used a limited number of lens elements in our zoom lens because we intended to use the zoom lens in the imaging spectrometer. The N-P-P-P type has a smaller spot size and a better-corrected aberration than the P-N-P-N type. However, the N-P-P-P type also fails to perform adequately for the imaging spectrometer. At position 1, the spot size that encircles 100% of the energy is greater than 60 m, and a large chromatic aberration is present in the wavelength range 450-500 nm. The modulation transfer function at the Nyquist frequency of the detector is less than 0.22 at the 1.0 relative field of position 1.
We improved the performance of the N-P-P-P type zoom system by using an abnormal-dispersion glass and an aspheric surface, as shown in Fig. 9 . As is well known, one can correct the chromatic aberration of a lens system composed of ordinary optical glasses by introducing a material whose P-V relationship is different from that of ordinary glass. 26, 29 An effective substance to use for this correction is calcium fluoride, CaF 2 , which has a P gF value of 0.539 and a V d value of 95.161; the subscripts of these parameters refer to Fraunhofer lines. 29, 30 For the N-P-P-P type, we replaced the N-FK5 glass in the moving group with a CaF 2 element and confirmed that two CaF 2 elements are more effective at correcting aberrations than single CaF 2 element and a single flint abnormaldispersion element in this optical system. To correct the aberration of the rays with a 1.0 relative field, we replaced spherical surfaces 5 and 15 of Fig. 7 with aspheric surfaces. Aspheric surfaces 5 and 15 effectively correct the aberration of the 1.0 relative field because of their large incident angles. Sag z of an aspheric surface is given by z ϭ cr
where c is the curvature, r is the radial coordinate, k is the conic constant, and A i is the aspheric coefficient. By configuring the zoom lens of Fig. 7 as the initial design, we optimized the N-P-P-P type zoom system again and, as described in Fig. 9 and Table 9 , we obtained the optimum zoom lens with two CaF 2 elements and two aspheric surfaces. In Table 8 , surfaces 7, 8, and 9 have similar curvatures. We optimized the lens of Table 8 as the starting configuration. In optimization, we set the curvatures of surfaces 7, 8, and 9 to have equal absolute values. Figure 9 shows that the overall structure and shape are similar to those in Fig. 7 , except for surface 16. By using CaF 2 , we can correct the chromatic aberration in the wavelength range 450-500 nm more accurately than the results of Fig. 7 show. Figure 10 shows a spot diagram of the optimum zoom lens at positions 1, 2, and 3. The squares in Fig. 10 represent the pixel size of the detector. The RMS spot sizes are less than 15 m, and the spot sizes that encircle 100% of the energy are less than 50 m for all fields at positions 1, 2, and 3. The optimized lens has a modulation transfer function greater than 0.36 at 41.6 cycles͞mm, which is the Fig. 9 . Layout of the optimized N-P-P-P zoom system with two CaF 2 elements and two aspheric surfaces. Table 9 . Design Data Optimized from the N-P-P-P Zoom System of The thickness refers to the thickness after the surface of the same number. A i is the ith aspheric coefficient of the aspheric surface. Nyquist frequency of the detector. Furthermore, the distortion is less than Ϯ1% across the overall FOV for the wavelength range. We used this zoom lens as the focusing lens for the imaging spectrometer.
Zoom Lens with a Dispersion Element
We used a transmission grating at the Littrow mount as the dispersion element of the imaging spectrometer. To obtain the diffraction angle of a grating with groove spacing d, we used the grating equation m ϭ d͑n sin ␣ ϩ sin ␤͒, where m is the diffraction order and n is the refractive index of the grating at wavelength . The parameters ␣ and ␤ are the incident and diffraction angles of the wavelength , respectively. The Littrow configuration corresponds to a case in which n sin ␣ ϭ sin ␤. When we considered a center wavelength of 675 nm and a grating with 300 grooves͞mm, the diffraction angle at the Littrow mount was 5.81°at the first-order diffraction.
Next, we inserted a transmission grating with this configuration in front of the zoom lens. The stop was located at the groove surface of the grating, which we set apart from the first lens element by 5 mm. We reduced the distance between the stop and the first lens element to prevent vignetting. A conventional imaging spectrometer that uses the grating as a dispersion element needs a filter to block the second diffraction order of the grating. However, because our imaging spectrometer operates at a wavelength range 450-900 nm, we can remove the second diffraction order simply by using the proper dielectric multilayer coating to block frequencies lower than 450 nm and higher than 900 nm on the opposite sides of the groove surface of the grating.
We defined the FOV and the wavelength range of each position as follows: position 1 covers a FOV of 12.0°and a spectral range of 450 nm (that is, from 450 to 900 nm); position 2 covers a FOV of 5.9°and a spectral range of 225 nm (that is, from 562.5 to 787.5 nm); and position 3 covers a FOV of 3.9°and a spectral range of 150 nm (that is, from 600 to 750 nm). If the zoom lens or the transmission grating is rotated about the center of the stop, the spectral ranges of positions 2 and 3 vary from 450 to 900 nm.
We optimized the zoom system again at the defined FOV and wavelength. Figure 11 and Table 10 present the ray-tracing and design data of the optimized zoom system with the transmission grating at positions 1, 2, and 3. In addition, with respect to the configurations of Fig. 11 , we have confirmed that the limited wavelength ranges of positions 2 and 3 change from 450 to 900 nm when we rotate the focusing lens Ϯ2°a t position 2 and Ϯ2.6°at position 3. Figure 12 illustrates the positions of the principal rays with respect to the fields and wavelengths of position 1 on the detector. The line image that passes through the slit in the imaging spectrometer is well dispersed as the spectrum of each spatial pixel. The Fig. 10 . Spot diagrams of the optimized N-P-P-P zoom system with two CaF 2 elements and two aspheric surfaces at positions (a) 1, (b) 2, and (c) 3. The squares represent the pixel size of the detector. Fig. 11 . Layout of the optimized zoom system with a dispersion element as the focusing lens in the imaging spectrometer. spatial and the spectral image sizes are ϳ10.3 and ϳ6.8 mm, which correspond to 858 and 567 pixels on the detector, respectively. Figures 13 and 14 show the positions of the principal rays with respect to the fields and wavelengths of positions 2 and 3, respectively, on the detector. These sizes of the spectral dispersion and the spatial line image at positions 2 and 3 are nearly the same, regardless of whether the focusing lens is rotated to change the spectral range.
As we varied the focal length of the zoom lens from 50 to 150 mm, the FOV changed from 12.0°to 3.9°, and, as with type 2 in Table 1 , the spatial and the spectral resolutions increased threefold. A single pixel in the spectral dimension covers a spectrum of ϳ0.8 nm͞pixel (that is, 450 nm͞567 pixels) in the unzooming mode of a 50 mm focal length and of ϳ0.26 nm͞pixel (that is, 150 nm͞567 pixels) in the zooming mode of a 150 mm focal length. As shown in Fig. 12 , the smile distortion of the spectral image occurs in the short wavelength range. The smile distortion of ϳ2.5% is at a wavelength of 450 nm at position 1, and this value is the maximum value in the range of all wavelengths and all positions. We can correct the distortion of the focusing lens with an adequate collimator because the stop is located between the focusing lens and the collimator. We plan to address the distortion of the entire imaging spectrometer after completing the design of the collimator and the foreoptics. Figures 15, 16 , and 17 show spot diagrams mapped onto an image plane for the fields and wavelengths at positions 1, 2, and 3, respectively. The RMS spot sizes are less than 17 m. The square in Figs. 15, 16 , and 17 represents the pixel size of the detector. In addition, the modulation transfer functions along the spatial and the spectral axes are greater than 0.25 at the Nyquist frequency of the detector for all fields and all wavelengths. We confirmed that the performances were maintained when we rotated the zoom lens to vary the spectral ranges of positions 2 and 3. By comparing our optical system with imaging spec- trometers based on either Offner-type structures or Dyson-type structures, 31 we found that our optical system has slightly larger spot sizes and errors for the spectral and the spatial response functions. However, when we consider that our optical system is based on a zoom lens with an external entrance pupil that operates in a wavelength range of 450 -900 nm, we can deduce that the aberration of the optical system is well corrected. Furthermore, we can overcome the data artifacts of the spatial and spectral information by binning the pixels of the detector and image processing. In view of the number of pixels covered by the spatial and the spectral images, we can process the data by binning 3 pixels in the spectral dimension and 2 pixels in the spatial dimension.
We consider the performance of the optical system that we have designed to be satisfactory for the focusing lens of the imaging spectrometer with the novel zooming function. In conjunction with a collimator that has an aperture of f͞2.5 and a focal length of 50 mm, the spectrometer can zoom a slit image of 10 mm, both spatially and spectrally. By using foreoptics with the same f-number as the collimator, when a zoom lens is used for the foreoptics we can expect the imaging spectrometer to simultaneously control the spatial and the spectral resolution separately.
Conclusions
In this paper we introduced the concept of an imaging spectrometer that can simultaneously control spatial and spectral resolution separately. In addition, we designed a zoom lens to serve as the focusing lens of our imaging spectrometer with a novel zooming function that can operate in a wavelength range 450-900 nm. By using the lens module method and third-order aberration theory, we have presented the initial design of a four-group zoom system with an external entrance pupil. In the optimization process we used an abnormal-dispersion glass, CaF 2 , to correct the chromatic aberration caused by a broad wavelength range; we also used a negative powerpositive power positive power-positive power arrangement and an aspheric surface to correct the field aberrations caused by the external entrance pupil. As a result, the zoom system that we have designed with the transmission grating at the Littrow configuration has RMS spot sizes of less than 17 m for all fields and wavelengths at focal lengths 50, 100, and 150 mm. By designing an adequate collimator and foreoptics, and by combining them with the designed focusing lens, we can design a new imaging spectrometer with a novel zooming function that simultaneously controls spatial and spectral resolution separately. Fig. 16 . Spot diagrams of the designed zoom system with a dispersion element for each field and wavelength of position 2 (effective focal length, 100 mm) on the detector. The square represents the pixel size of the detector. 
